Abstract Numerous and very large Vater-Pacini corpuscles were observed in the forefoot digital pads of the North American raccoon (Procyon lotor). In addition to ultrastructure, the distribution and selectivity of complex glycoconjugates in this sensory corpuscle type were examined by carbohydrate histochemical techniques, in particular lectin histochemistry. The Vater-Pacini corpuscles present showed the typical lamellar structure known for mammals and contained high amounts of neutral and acidic glycoconjugates with various saccharide residues (α-L-fucose, β-D-galactose, sialic acid) in a specific intracorpuscular distribution pattern, including variations between the outer lamellae and the inner core. The results obtained are discussed with regard to possible functions of the VaterPacini corpuscles found in the raccoon forefoot pads. The corpuscular glycoconjugate components may furnish a high and differentiated viscoelasticity for rapid pressure transmission within the large Vater-Pacini corpuscles. Thus, the digital pads of the forepaws can be considered as part of a specific mechanoreceptor system related to excellent object manipulation properties in this mammalian species.
Introduction
In mammals, specific body regions have undergone typical morphological and functional adaptations that suit the animal to its external environment and biological requirements. Within regional variations of the mammalian integument, the foot pads of carnivores reveal a remarkable sensory equipment and are also normally related to other specific functions, such as protection against mechanical hazards or prevention of slipping during running (Meyer and Bartels 1989; Meyer et al. 1990a, b; Schwarz and Meyer 1994; Meyer and Tsukise 1995) .
Among the sensory-nerve terminals found in mammalian foot pads, the Vater-Pacini corpuscle is the largest mechanoreceptor. In this corpuscle type, the interlamellar space is filled by a fluid so that pressure can be transmitted very rapidly to the dendritic zone of the axon via several cellular lamellae (Halata 1975; Malinovský 1986) . In this connection, the raccoon forefoot pads, in particular, can be considered as an important mechanoreceptive organ. Findings of several studies have corroborated this view, using different light and electron microscopical techniques (see, e.g., Zollman and Winkelmann 1962; Munger et al. 1971; a specific array of gyri related to the glabrous pads, the raccoon has proven to be an exceptional model for the examination of the somatosensory system in mammals (Welker and Seidenstein 1959; Rasmussen 1982; Rasmussen et al. 1991) .
Recently, results presented by Sames et al. (2001) have indicated that in the feline mesentery, the carbohydrate components produced in the Vater-Pacini corpuscles may also have an important functional role in this sensitive mechanoreceptive system. Therefore, the present study focuses on the localization of complex glycoconjugates in the extraordinarily large Vater-Pacini corpuscles of raccoon digital pads. Thus, the various biological possibilities of glabrous skin as a tactile organ in mammals may be better understood.
Materials and methods
All experiments were performed under protocols following the guidelines for the care and use of laboratory animals at the Institute of Experimental Animal Science, College of Bioresource Sciences, Nihon University. Samples were taken from the digital pads of the forefeet of four adult male North American raccoons (Procyon lotor). Before sampling, the animals had been deeply anesthetized and exsanguinated from the common carotid arteries.
General histology and cytology
For general histological observation, the specimens were fixed in Bouin's solution for 12 h at room temperature. The tissue blocks were then washed and dehydrated in a graded series of ethanol, embedded in paraffin wax, and cut at a thickness of 5 μm. The paraffin sections were stained with hematoxylin and eosin (H-E). For general cytology, tissue pieces were fixed in 4% paraformaldehyde-2% glutaraldehyde solution in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 2 h at 4°C, post-fixed in 2% osmium tetroxide solution, and embedded in Epon 812 (Luft 1961) . From these tissue blocks, ultrathin sections were cut on an ultramicrotome, mounted on copper grids, and stained with uranyl acetate (Watson 1958) and lead citrate (Reynolds 1963) .
Carbohydrate histochemistry
For the histochemical study, paraffin sections were prepared in the same way as for general histology. In general, the fixation and embedding process described above seems to be rather appropriate for lectin binding to tissue sections (Rittman and Mackenzie 1983; Allison 1987; Alroy et al. 1988) .
For the demonstration of complex glycoconjugates, the following staining procedures were employed: periodic acid-Schiff (PAS; Spicer et al. 1967) , Alcian blue (AB; pH 1.0; Lev and Spicer 1964) , AB (pH 2.5; Pearse 1968) . Terminal sugars were specifically demonstrated with different biotinylated lectins (Seikagaku Kogyo, Tokyo, Japan) at concentrations of 10-20 μg/ml in 0.05 M PBS (pH 7.2) for 90 min at room temperature, following treatment with avidin and biotin solutions for 20 min each to inactivate endogenous biotin and then 0.3% hydrogen peroxide in methanol for 30 min to suppress the activity of endogenous peroxidase (PO). The lectins used, their sugar binding specificities, and inhibitory sugars are listed in Table 1 (for lectin specificities see Debray et al. 1981; Spicer and Schulte 1992; Danguy 1995) . After rinsing with PBS, the sections were incubated with PO-labeled streptavidin (Nichirei, Tokyo, Japan) for 30 min at room temperature. The activity of the PO employed for labeling was evaluated with a solution containing 0.05 M Tris-HCl buffer (pH 7.6), diaminobenzidine (DAB) and hydrogen peroxide.
Lectin controls were performed by the addition of inhibitory sugars at a final concentration of 0.01 M to the respective lectin solutions, by the substitution of unconjugated lectins for biotinylated lectins, and by the exposure of sections to the PO-DAB system without lectin. Enzyme digestion with α-amylase (from Bacillus subtilis, Seikagaku Kogyo, Tokyo, Japan; 1 mg/ml in 0.1 M PBS, pH 6.0, at 37°C for 4 h; Casselman 1959) was conducted on some sections before the PAS procedure. For the lectin controls, treatment with sialidase (from Arthrobacter ureafaciens, Table 1 The lectins used, their sugar-binding specificities, and inhibitory sugars
Lectins
Sugar binding specificity Inhibitory sugar
Ricinus communis agglutinin-120
Maackia amurensis agglutinin Siaα2-3Galβ1-4GlcNAc α2-3Sialyllactose
Nacalai Tesque, Kyoto, Japan; 1.0 U/ml in 0.1 M PBS, pH 5.3, at 37°C for 18 h; Spicer et al. 1967) following saponification (0.5% potassium hydroxide-70% ethanol; Spicer et al. 1960 ) was performed, when sections were stained with the Maackia amurensis agglutinin (MAM) and Sambucus sieboldiana agglutinin (SSA) procedures.
Densitometry
Densitometrical analysis was performed using Adobe Photoshop-based image analysis of digitized pictures of AB-PAS and lectin-stained sections. This method (Lehr et al. 1999 ) allows complete separation of chromogens not only on the basis of their spectral characteristics but also on the basis of information concerning saturation, hue, and luminosity intrinsic to the digitized images. Photoshopbased image analysis generates superior results compared to color separation using bandpass filters. First, the color composition was detected using the Photoshop color sampler tool, and then it was analyzed within the color picker window. For quantification of the red and blue color values in individual lamellae of AB-PAS-stained sections, the Red, Green, Blue (RGB) color model was employed. The staining intensity for each lectin was determined using the brightness factor of the hue-saturation-brightness (HSB) color model. For evaluation, generally about 4-6 measurements per lamellae of 20 lamellae of the outer core and 6 lamellae of the inner core of 4-6 corpuscles for each of the staining reactions were done as a data basis to calculate average values.
Results

General histology and cytology
By light microscopy (LM), numerous very large VaterPacini corpuscles were found in the deeper dermis and/or the hypodermis of the digital pads of the forepaws of the North American raccoon (P. lotor), with a total diameter of 300-500 μm; very obvious are also the numerous and related thick nerve fiber bundles (Fig. 1a) . They consisted of the five typical major components: axon, inner core, intermediate layer, outer core, and external capsule (Fig. 1b) . Electron microscopy of the Vater-Pacini corpuscles in the raccoon digital pads revealed that the ovalshaped axon was located at the central position of the inner core. Additionally, the inner core, which comprised the cleft facing the long axis of the axon, was surrounded by the outer lamellae. Moreover, the intermediate layer was present between the inner core and the outer core (Fig. 2a) . The axon was equipped with numerous mitochondria and smaller or larger vesicles (Fig. 2b, Ax) . The prominent filopodium projected into the hemilamellar cleft (Fig. 2b, F) . The inner core consisted of closely packed lamellar cells with low-density cytoplasm and pinocytotic vesicles (Figs. 2a, c, IC) . In the outer region of the inner core, thicker lamellae could be detected, in which cell nuclei, cisterns of the Golgi apparatus, and the granular endoplasmic reticulum were prominent. The intermediate layer was composed of two or three cell layers where the cells exhibited a cytoplasm of higher density and long cytoplasmic processes (Fig. 2c , IL). They had a discontinuous basement membrane, whereas a nearly complete basement membrane was distinct in both surfaces of the outer core lamellae (Fig. 2d) . The outer core and the external capsule were composed of loosely packed and flattened lamellar cells. Their cytoplasm had a relatively high electron density and contained cisterns of the Golgi apparatus, cisterns of the granular endoplasmic reticulum, free ribosomes, and mitochondria. Pinocytotic vesicles occurred on both sides of the plasma membrane of these lamellar cells. The outer core lamellae were separated from each other by a wide interlamellar space containing bundles of collagen fibrils and homogeneous fine granular material (Fig. 2d ). In the inner and, particularly, the outer core, the lamellae regularly but not frequently exhibited parts of high secretory activity as detectable by a larger lamella diameter and numerous vesicles (Fig. 2d, V) .
Carbohydrate histochemistry and densitometry
The structural components of the Vater-Pacini corpuscles of the raccoon digital pads displayed various reaction intensities after the different carbohydrate histochemical proce- A first LM evaluation of the staining results made evident that the reactions for PAS and AB (pH 1.0 and 2.5) were generally weak to very weak in the Vater-Pacini corpuscles, apart from the fact that AB (pH 2.5) reactions in the lamellae system of the inner core appeared clearly more distinct than in the outer core (Fig 3, top) . It was of interest that the interlamellar space in all parts of the latter structures always contained AB-positive substances. The digestion procedure with α-amylase failed to alter the PAS reaction intensity. (Fig. 3b) .
In tissue sections incubated with eight lectins (Table 2  and Fig. 4) , the axon and the external capsules were stained more or less strongly with concanavalin A (Con A), while the other structures were found to exhibit moderate reactions which were rather weak in the central core. The Ulex europaeus agglutinin-I (UEA-I) staining procedure gave rise to varying, more or less strong reactions in all parts of the corpuscles. The axon and each of the corpuscular lamellae exhibited only moderate to weak reactions with Dolichos biflorus agglutinin (DBA) treatment. As for the Ricinus communis agglutinin-120 (RCA-120) procedure, the reaction intensities of the axon and the inner core were moderate to weak, whereas relatively strong staining was confined to the intermediate layer, the outer core, and the capsule. The peanut agglutinin (PNA) technique resulted in generally weak reactions of the corpuscles. The wheat germ agglutinin (WGA) reaction intensities of the outer core and the external capsule were strong, and the other structures reacted moderately. Incubation with SSA led to similar staining patterns as those obtained by RCA-120, although the axon, the inner core, Moderate to strong reactions were observed in most of the corpuscular structures, particularly in the inner core and the intermediate layer, after staining with MAM. In the control experiments using the biotinylated-lectin-staining procedure, the positive lectin reactions in the Vater-Pacini corpuscles were greatly diminished or nearly abolished. Additionally, the SSA and MAM reactions were almost negative using the enzyme control digestion procedure with sialidase after saponification.
Densitometrical analysis of the lamellar system of the Vater-Pacini corpuscles of the raccoon digital pads differentiated in a more exact way the overall LM evaluation of the different carbohydrate histochemical reaction stainings. In this way, the AB-PAS measurements (Fig. 3, bottom) corroborated the view of a rather acid milieu within the entire corpuscle as compared to relatively low amounts of PAS-positive material, including a somewhat higher ABstaining intensity in the inner core. Densitometry of the lectin-staining results of the corpuscular lamellae likewise generated a more detailed reaction pattern (Fig. 5) , than that one obtained after a first semiquantitative evaluation. With regard to Con A, RCA-120, WGA, and to some extent also to DBA and PNA, the reaction intensities exhibited an intracorpuscular gradient, i.e., intensity diminished from the outer toward the inner core. The reactions for UEA-I concentrated especially in the outer corpuscle parts, and a similar tendency became obvious for the outer core after the WGA reaction staining. SSA reactions were most distinct in the outer core and MAM reactions more intense in the inner core.
Discussion
In the digital pads of the forepaws of the North American raccoon (P. lotor), the numerous and very large Vater-Pacini corpuscles observed in the deeper dermis and/or the hypodermis showed an ultrastructure that basically corresponded to that observed in the pads of other mammalian species, such as in the human digital skin , 
Reaction intensities: 0, negative; 1, very weak; 2, weak; 3, moderate; 4, strong; 5, very strong EC External capsule; IC inner core; IL intermediate layer; OC outer core and in the cat mesentery (Nishi et al. 1969; Ide et al. 1988; ). The results of previous physiological studies have proposed that the axon terminal is the site of mechanoelectric transduction (Gray and Sato 1953; Loewenstein 1958 Loewenstein , 1971 . The prominent filopodia found in the axon are considered to function as mechanosensitive channels responsible for this transduction within the Vater-Pacini corpuscle (Pawson et al. 2000) . Furthermore, the presence of mitochondria close to the filopodia implies that their Fig. 5 Densitometrical analysis of the lamellae of the VaterPacini corpuscles in the raccoon digital pads from transverse sections after the lectin histochemical staining. Analysed were the lamellae of the outer and the inner cores, including the intermediate layer, without the connective capsule and the axon. Lamellae were, thus, numbered from the periphery (1) to the center (26) of the corpuscle. Black Lamellae of the outer core; red lamellae of the inner core. The reaction intensity of the lectin staining was determined by measuring brightness according to the HSB color model. Brightness ranges from 0 (black) to 255 (white), and is thus inversely related to the staining intensity. The ordinate was therefore labeled in reverse order, resulting in high bars for dark, intensively stained lamellae (low value for brightness) and short bars for lighter, less intensively stained lamellae (higher values for brightness) extensions require a large amount of metabolic energy needed for this process (Bolanowski et al. 1996) . The innercore cells are regarded as specialized Schwann cells (e.g., Halata 1975; Bell et al. 1994) . As the inner core is composed of closely packed lamellar cells, there is a relatively small amount of fluid in the interlamellar spaces (Bell et al. 1994) . It has been reported that the inner-core cells fulfill in part the characteristics of an epithelium (see, e.g., Haro et al. 1991) . In the intermediate layer, the lamellar cells had a discontinuous basement membrane on both surfaces; this feature was also detectable in the outer lamellae. Pease and Quilliam (1957) suggested that the intermediate layer is a zone of growth. This region is most often seen in immature or developing Vater-Pacini corpuscles (Ide and Hayashi 1987; Ide et al. 1988; . Outer core and external capsule are continuous with the perineurium (Malinovský et al. 1990) , and these cells are of the squamous epithelial type (Bell et al. 1994) . The outer core cells, occupying a large part of the corpuscle, are separated from each other by a wide fluidfilled space (Bell et al. 1994) , which may have an effect on retaining corpuscle turgor (Ide and Hayashi 1987 ; see also in the following). In this connection, the outer core is responsible for the rapid adaptive properties, and it is impossible for the axon to function as a vibration receptor without this region (Loewenstein and Rathkamp 1958; Loewenstein and Mendelson 1965) . Additionally, the lamellar cells segregating the interlamellar spaces prevent the flow of fluid and ions between them (Ide and Hayashi 1987) .
The histochemical techniques applied demonstrated positive reactions of varying intensity for different complex glycoconjugates in the structures of the Vater-Pacini corpuscles in the raccoon digital pads. These lamellar cells obviously produced and contained highly concentrated neutral glycoproteins as well as acidic glycoproteins with sialyl residues, as supported by the results of the PAS, AB (pH 1.0 and 2.5), and AB (pH 2.5)-PAS procedures applied (Pearse 1985; Spicer and Schulte 1992) . The more sensitive biotinylated lectin-staining method revealed a spectrum of particular saccharide residues in the glycoprotein masses.
The outer core cells may be a continuous source for secretion of fluid and connective-tissue-matrix material (Ide and Hayashi 1987) . This idea is also verified by the existence of rather few but homogeneously distributed active secretory parts within the lamellae, whereby the existence of many intracellular vesicles corroborates secretory functions (Pallie et al. 1970) . The glycoconjugates located in the course of our study at this region in the lamellae of the Vater-Pacini corpuscles of the raccoon digital pads appeared to have relatively high amounts of α-L-fucose, β-D-galactose, and sialic acid residues. The latter type, in particular, seemed to consist mainly of Siaα2-6Gal/GalNAc material, whereas the inner core lamellae mainly exhibited Siaα2-3Galβ1-4GlcNAc-containing substances. This fact corresponds to the view that the inner core and the capsule of the Vater-Pacini corpuscles have different structural patterns of proteoglycans (Dubový and Bednářová 1999) . The localization of all the terminal sugars indicates that O-linked high-molecularweight glycoproteins are present (Campbell 1999) . Such type of glycoconjugates, which has the capability of water binding, may be specifically involved by its sialic acid component in the high viscocity of mucus-lining epithelia and, thus, generally in the viscoelastic properties of VaterPacini corpuscles (Sames et al. 2001; Schauer 2004) . The inner-core cells probably regulate the environmental surrounding of the axon through their function as a permeability barrier to ions and molecules (Bell et al. 1994) . Our histochemical findings, however, are somewhat different from those reported for Vater-Pacini corpuscles in the cat mesentery (Sames et al. 2001) , indicating that in the very large Vater-Pacini corpuscles of the raccoon forepaws, generally higher viscoelasticity and turgor may be present and have to be maintained. In this way, the whole system is better stabilized, and the large corpuscle remains in shape as a basic prerequisite for normal functioning. Problems that could occur from a presumably somewhat higher turgor in the outer core as compared to the inner core could be adjusted for the latter by differences of the sialic acid spectrum produced here to create optimal reception conditions for the axon. In this way, two functional compartments became obvious within the corpuscle.
The intermediate layer cells are considered to originate from endoneurial fibroblasts or to be continuous with the perineurium (Malinovský et al. 1990) , and it has demonstrated that there is collagen type V, which may play a role in corpuscle growth and development (Ide 1987; Pawson et al. 2000) . With regard to our carbohydrate histochemical methods applied, reaction intensities of the intermediate layer differed somewhat from those of the outer core and the external capsule as well as the inner core. Thus, it is possible that the intermediate layer may have a specific functional significance in the corpuscle, probably to protect the inner core from influences of a specific outer-core pressure.
Conclusions
The results of our study demonstrated the distribution of complex glycoconjugates with various saccharide residues in the Vater-Pacini corpuscles of the raccoon digital pads. It is suggested that these glycoconjugates that may also be involved in corpuscle regeneration (Ide 1987 ) specifically provide high viscoelasticity for a rapid and finely graded transmission of pressure and are perhaps involved in the regulation of the intracorpuscular environment. In this connection, the water-binding capacities within the pad epidermis may be of basic functional importance (Yasui et al. 2004) , particularly with regard to the excellent manipulation properties of these mammals with their forepaws (Löhmer 1975; Rasmusson et al. 1991) .
